University of Oklahoma. His pedagogical research interest includes technology and calculus education of STEM majors. He worked on several IRB approved pedagogical studies to observe undergraduate and graduate mathematics and engineering students' calculus and technology knowledge since 2011. His other research interests include nonlinear optimization, financial engineering, facility allocation problem, vehicle routing problem, solar energy systems, machine learning, system design, network analysis, inventory systems, and Riemannian geometry. Making the decision to solve a definite integral exactly or approximately can be a challenge for first time Riemann integral learners. A conceptual cross section between calculus and numerical methods/analysis courses is approximation of definite integrals that cannot be determined exactly by using existing methods. The realization of a need for a numerical method/analysis concept after determining that the definite integral cannot be solved exactly is another conceptual challenge that students can face. In this study, engineering and mathematics students' decision to determine an exact or approximate solution to a definite integral will be analyzed qualitatively and quantitatively. Participating students' responses to the research question are analyzed and the collected information is evaluated by using the schema development idea of Piaget et al. (1989) . The research data consists of seventeen senior undergraduate and graduate mathematics and engineering students' responses to a research question who were either enrolled or recently completed (i.e. 1 week after course completion) a Numerical Methods/Analysis course at a large Midwest university during a particular semester in the United States. Missing conceptual knowledge of the participants is observed when they were incapable of determining the solution to the problem.
Introduction
Engineering and mathematics undergraduate students' Calculus education during their first two years is one of the most important aspects, or maybe the most important aspect, of a successful undergraduate education. Calculus education of engineering and mathematics students has drawn attention in recent years [Tokgöz (2015) , (2016) , and (2012); Tokgöz and Gualpa (2015) ]. It is not only critical to observe and understand cognitive approaches of students for solving Calculus questions through research but it is also important to redevelop courses according to the lessons learned from the research observations. In calculus, students initially learn practical methods to solve integral questions for a particular set of functions. Determining the definite integral of functions with non-existing exact solutions is taught after teaching practical methods in calculus courses. Deciding whether it is possible to determine the exact or approximate solution to a definite integral is covered in multi-disciplinary courses such as calculus, numerical methods, and numerical analysis by departments in STEM fields. This Institutional Review Board (IRB) approved work is concerned with graduate and senior undergraduate engineering and mathematics students' ability to solve an integral question and determining the Calculus concepts that the participating students are lacking to solve the research question. Decision making process on determining exact or approximate solution to the research question is investigated by collecting written and interview responses. Participants' responses to the research question Q. Can you calculate the integral .
? Would you prefer to find an approximate answer for this integral or would you rather find the exact solution?
are analyzed qualitatively and quantitatively. Throughout this work, written and interview responses of some of the participants will be used for the qualitative analysis. The quantitative work will be consisting of schema classification of the participants. Action-Process-Object-Schema (APOS) introduced by Asiala et al. (1996) originated from Piaget et al. (1977) is initially considered for evaluation of the participant responses to the research question, however Triad classification of the schema development in APOS theory is determined to be a better method for the data evaluation. One of the aims of this paper is to investigate participating students' decision making process on using numerical methods versus traditional integral calculus calculations when a definite integral question is considered to be solved. This investigation can help Professors to redevelop courses who are teaching multidisciplinary topics in Computer Science, Engineering, and Mathematics. Another aim of this article is to understand the circumstances under which students choose to approximate a definite integral.
Participants & Data Collection Procedure
A written questionnaire is given to seventeen participants and all participants are interviewed to explain their written responses to the questionnaire. IRB approved guidelines are followed and participants are compensated for their involvement to the research. The questionnaire questions covered single variable calculus concepts such as functions, limits of functions, function derivatives, Riemann integral, power series of functions, and programming preference of the participants. The questionnaire was given to the participating students outside the course environment under researchers' supervision. The participants of this study are engineering and mathematics undergraduate and graduate students who either were enrolled in or recently completed a numerical methods or analysis course in a particular semester at a large Midwest university in the United States. Pre-and post-interview responses of the participants to an integral question are evaluated in this work. Post-interview results are designed to have a better understanding of the pre-interview (i.e. written) responses of the participants. The answers of the students to the Riemann integral question are evaluated by considering the sub-concepts that take place in the solution of the question.
In this and next sections literature relevant to the theory used for evaluating the research question will be explained. Triad classification will be covered in the next section, which will be used for observing students' ability to answer the research question. The responses of participants are displayed for a better understanding of the qualitative and quantitative analysis of the collected data. Participating students' responses to the research question are evaluated by using the Triad classification of the schema development idea.
The literature on students' ability to determine the Riemann integral of functions by using paper-pencil solution is not extensive. Asiala et al. (1996) observed participants' difficulty to write a code for calculating the integral of functions for which students were asked to write a code to approximate the integral by sampling points. Senior mathematics undergraduate and graduate students' weak rate of change concept knowledge that resulted in weak understanding of the integral concept is observed by Thompson (1994) . Clark et al. (1997) used Triad classification for investigating how first-year calculus students construct the chain rule concept. Authors initially attempted to use the APOS theory and ended up using the schema development idea introduced by Piaget et al. (1989) . Students are placed in the intra stage by Clark et al. (1997) if they knew some of the derivative rules and were able to apply the chain rule but did not know the relationship between these concepts, and participants took place in the inter stage if they had the ability to recognize all different cases and figure that they are related. Participants were assumed to be in the Trans stage if they were able to construct and apply the chain rule.
Schema Development
Students' responses in this work are evaluated by using the following Triad classification:
• Participants are classified to be in the Intra stage if they doubt about the need of an approximation method to solve the research question and considered integral solution methods to solve the research problem.
• Participants are classified to be in the Inter stage if they recognized the need of an approximation method to solve the research question but did not use a numerical method.
• Participants are classified to be in the Trans stage if they are placed in the inter stage and specified the approximation method that they would use to calculate the integral.
Research Question
All seventeen participants' written and interview responses to the following research question are evaluated in this work:
Q. Can you calculate the integral .
One of the researchers interviewed the participants and interviews are video recorded and transcribed by the main author of this article. The questionnaire (i.e. written) data collected prior to the interviews are displayed in the next section.
Written Responses
The written questionnaire responses of the students are collected prior to the completion of the numerical methods/analysis course that participants were enrolled. Six of the participants tried to use a technique to determine the solution to the research question by using either a numerical or an integration technique that they know. These students' used either Integration by Parts or series expansion of the integrand to determine the numerical value of the given integral. The rest of the participants did not try to calculate the integral and only commented on whether it makes sense to approximate or determine an exact solution to the integral. 
Interview Responses
The majority of the transcribed interview responses will be displayed in this section. The interviews questions are structured in a way to have a good understanding of the participants' written responses. The interview questions posed by the researcher varied depending on the written responses of the participating students. 
